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Beta  (P)  tantalum  was  discovered  in  the  1960s  through  the  use  of  physical  vapor 
deposition,  and  there  were  many  theories  as  to  its  source.  Initial  studies  examined  the  effects  of 
impurity  levels  on  the  formation  of  the  P-phase.  Early  results  indicated  that  P-tantalum  was 
formed  only  in  clean  atmospheres  and  impurities  such  as  nitrogen  and  oxygen  acted  to  stabilize 
the  growth  of  body-centered  cubic  (bcc)  alpha  (a)  tantalum  (refs  1,2).  However,  several 
subsequent  studies  were  conducted  indicating  the  exact  opposite.  Most  notably,  Westwood  and 
Livermore  (ref  3)  postulated  that  the  p-phase  was  stabilized  by  impurities.  Then  Westwood  et  al. 
(ref  4)  reported  a  transition  from  a  to  p  with  increasing  oxygen  content.  Taking  into  account  the 
contradictory  results  obtained  from  different  systems,  the  formation  of  p  must  not  be  simply 
impurity  based.  There  has  been  ample  evidence  acquired  that  shows  both  the  a  and  P-phases  can 
accommodate  impurities  (refs  1-11). 

p-tantalum  exhibits  a  metastable  tetragonal  lattice  structure.  The  fact  that  it  is  metastable 
illustrates  that  the  atoms  making  up  the  lattice  are  not  in  their  lowest  energy  positions.  The 
question  of  why  these  atoms  are  not  in  their  equilibrium  positions  is  what  needs  to  be  answered. 

It  has  been  shown  that  impurities  play  a  role  in  the  a  ^p  transition,  but  impurities  are  clearly  not 
the  dominating  factor  in  all  systems.  In  very  pure  deposited  p-tantalum,  the  only  explanation  for 
its  formation  is  the  role  of  plasma  energy.  Either,  the  deposited  atoms  do  not  have  enough 
energy  to  overcome  the  obstacles  to  reach  their  lowest  energy  positions  (e.g.,  settling  of  atoms  in 
high-energy  sites  due  to  surface  energy  variations),  or  the  energy  of  the  atom/ion  bombardment 
acts  to  knock  the  tantalum  atoms  out  of  their  lowest  energy  positions  (e.g.,  atom  implantation 
and  lattice  recoil  mechanisms).  A  schematic  of  atomic  implantation  is  shown  in  Figure  1. 


Induced  intrinsic 
stresses 


Figure  1.  Schematic  representation  of  the  effect  of  excessive  bombardment  on  the  lattice 

stmeture  of  sputtered  coatings. 
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Putting  aside  the  specific  role  of  plasma  energy  for  the  moment,  it  should  be  stated  that 
there  are  many  potential  barriers  to  the  surface  mobility  of  the  depositing  atoms.  Many  of  the 
contradictory  results  are  most  likely  based  on  variations  in  these  barriers  from  system-to-system. 
Some  of  the  more  important  factors  to  consider  include: 

•  Substrate  temperature 

•  Substrate  material 

•  Impurities 

•  Sputtering  rate 

•  Role  of  compressive  stresses 

Substrate  Temperature 

An  increase  in  substrate  temperature  results  in  an  increase  in  surface  mobility,  thus, 
intuitively,  it  should  be  understood  that  increasing  temperature  would  increase  the  probability  of 
forming  the  equilibrium  phase  a-tantalum.  Studies  have  shown  that  the  growth  of  sputtered  P- 
tantalum  is  indeed  less  stable  at  higher  substrate  temperatures  (ref  12),  and  temperatures  in 
excess  of  600°C  ensure  the  deposition  of  100%  a-tantalum  (ref  13).  It  should  also  be  noted  that 
when  heated  to  ~750°C,  sputtered  P-tantalum  spontaneously  transforms  to  a-tantalum  (ref  1). 

The  importance  of  substrate  temperature  is  further  exemplified  by  the  fact  that  the 
relationship  between  temperature  and  diffusion  is  exponential  in  nature.  According  to  the 
Arrhenius  equation  governing  diffusion,  relatively  small  increases  in  substrate  temperature  may 
lead  to  greatly  increased  a-tantalum  production.  A  simulation  of  adatom  diffusion  versus 
temperature  is  illustrated  in  Reference  14.  Here,  greatly  increased  diffusion  is  apparent  over  the 
modest  changes  in  temperature. 

Substrate  Crystal  Structure 

Another  very  important  factor  to  consider  is  the  role  of  substrate  material  in  sputtering.  It 
has  been  cited  in  numerous  reports  that  with  all  other  parameters  being  equal,  a-tantalum  is 
preferentially  formed  on  substrates  of  similar  crystal  structure  with  comparable  lattice 
parameters  (refs  13, 15-17).  This  stands  to  reason  since  a  depositing  atom  will  need  less  energy 
to  arrive  at  its  equilibrium  position.  For  instance,  niobium,  which  has  a  lattice  mismatch  with 
tantalum  of  less  than  0.5%,  has  been  successfully  used  as  a  sputtered  interlayer  to  produce  100% 
a-tantalum  coatings  (refs  13, 15).  Kondo  et  al.  (ref  16)  have  also  shown  that  amorphizing  a 
silicon  carbide  substrate  (taking  away  any  lattice  match)  or  inserting  a  thin  amorphous  interlayer 
greatly  stabilized  the  formation  of  (002)  oriented  |3-tantalum.  Formation  of  a-tantalum  has  also 

been  reported  on  pure  a-tantalum  substrates  under  conditions  that  otherwise  formed  B-tantalum 
(ref  17). 


2 


ImDurities 


Impurities  on  the  surface  will  tend  to  decrease  the  mobility  of  depositing  atoms  and  in  the 
case  of  oxide  layers,  may  form  a  lattice  mismatch  between  coating  and  substrate  (ref  18). 
Experiments  performed  by  Matson  et  al.  (ref  13)  showed  a  loss  of  a  formation  if  a  deposited 
niobium  interlayer  was  exposed  to  atmosphere  prior  to  tantalum  deposition.  It  should  also  be 
noted  that  Face  and  Prober  (ref  15)  took  special  care  not  to  contaminate  the  niobium  interlayer 
used  in  their  study  by  immediately  rotating  it  (within  one  second)  under  the  tantalum  target  after 
niobium  deposition.  This  illustrates  how  sensitive  the  use  of  an  interlayer  may  be.  Even  slight 
contamination  may  completely  nullify  the  positive  effects. 

Sputtering  Rate 

The  role  of  sputtering  rate  in  the  formation  of  P-tantalum  has  not  been  as  rigorously 
studied  as  other  factors,  and  much  of  the  information  is  conflicting.  From  the  point  of  view  of 
kinetics,  it  is  intuitive  that  a  lower  sputtering  rate  would  allow  more  time  for  surface  diffusion  to 
take  place,  but  it  must  be  stated  that  a  very  low  sputtering  rate  may  lead  to  increased  impurity 
adsorption  in  the  depositing  film  so  this  trade-off  must  be  taken  into  account.  It  should  also  be 
noted  that  exceedingly  high  sputtering  rates  might  introduce  compressive  stresses  (ref  19),  which 
will  be  discussed  subsequently. 

Compressive  Stresses 

The  fact  that  considerable  intrinsic  stresses  (1-2  GPa)  can  be  present  in  thin  films  has 
been  known  for  years  and  the  mechanisms  that  bring  about  these  stresses  have  been  thoroughly 
studied  (ref  19).  Known  sources  of  compressive  stress  in  coatings  are  excessive  atom/ion 
bombardment  and  high  sputtering  rate  (ref  19).  The  role  of  compressive  stresses  in  the  formation 
of  p-tantalum  has  also  been  among  the  topics  of  several  studies  (refs  20-22).  It  was  found  in 
these  studies  that  P-tantalum  preferentially  forms  under  compressive  stresses.  In  addition,  it  was 
found  that  the  intrinsic  stresses  in  p-tantalum  decreased  linearly  with  heating  up  to  the 
P  -^a  transformation  temperature  of  600°C,  but  from  600  to  800°C,  a  rapid  stress  relaxation  of 
~40%  accompanied  the  formation  of  a-tantalum  (ref  21).  These  trends  seem  to  follow  the  notion 
that  p-tantalum  is  formed  by  the  implantation  of  atoms  in  high-energy  sites  resulting  in  an  over- 
dense  structure. 

Role  of  Plasma  Energy 

With  the  advent  of  more  advanced  sputtering  systems  with  more  precise  controls,  studies 
within  the  last  decade  or  so  have  focused  on  the  role  of  plasma  energy  in  the  a-^P  phase 
transition  (refs  20-24).  The  results  obtained  in  these  investigations  give  compelling  evidence 
that  the  formation  of  P-tantalum  in  sputtering  systems  is  primarily  due  to  implantation  of 
tantalum  atoms  in  interstitial  and  grain  boundary  sites  leading  to  the  development  of  compressive 
stresses  and  the  unstable  tetragonal  crystal  structure.  This  can  occur  by  two  mechanisms.  First, 
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excessive  high-energy  atom/ion  bombardment  results  in  direct  or  recoil  implantation  of  the 
tantalum  atoms  into  unstable  lattice  positions.  Second,  if  the  total  energy  supplied  to  the  plasma 
Md  growing  film  is  insufficient  to  overcome  barriers  on  the  surface  (e.g.,  lattice  mismatch, 
impurities,  surface  mobility,  etc.),  the  tantalum  atoms  cannot  arrange  themselves  in  their  lowest 
energy  positions  (i.e.,  bcc  a-tantalum).  These  competing  mechanisms  then  leave  a  window  of 
total  plasma  energy  where  either  excessive  or  deficient  total  energy  can  lead  to  p  formation. 

There  is  substantial  evidence  in  the  aforementioned  literature  that  supports  these  claims. 
Catania  et  al.  (ref  22)  carried  out  magnetron  sputtering  of  tantalum  at  a  very  low  pressure  of  0.04 
Pa  (0.3  mT),  while  varying  the  negative  substrate  bias  in  an  attempt  to  isolate  the  effects  of 
plasma  bombardment.  Only  oc-tantalum  was  detected  in  the  sputtered  coating  in  the  absence  of  a 
bias  and  a  rapid  transition  to  p-tantalum  was  recorded,  as  the  bias  was  increased  (ref  22).  The 
complete  transition  to  P  occurred  at  lOOV.  Findings  that  seem  contrary  to  this  have  been 
reported  by  Matson  et  al.  (ref  13)  and  Mattox  and  Kominiak  (ref  25),  where  increasing  the 
substrate  bias  resulted  in  increased  a  formation.  This  can  be  explained  by  the  different 
deposition  conditions  in  these  operations.  First  it  must  be  stated  that  in  a  low-pressure 
magnetron  sputtered  film  there  are  several  sources  of  bombardment.  In  the  absence  of  a  bias,  the 
depositing  target  atoms  and  the  reflected  neutrals  of  the  sputtering  gas  control  the  bombardment. 
When  a  bias  is  added,  the  bombardment  of  the  sputtering  gas  ions  adds  to  the  total  energy.  In  the 
work  done  at  IBM  by  Catania  et  al.  (ref  22),  the  very  low  sputtering  pressure  left  the  reflected 
argon  neutrals  and  the  depositing  tantalum  atoms  with  sufficient  energy  to  promote  cx,  and  with 
the  addition  of  the  bias,  the  upper  bound  of  the  energy  window  was  crossed  and  p  was  formed. 
On  the  contrary,  in  the  other  works,  the  sputtering  pressure  is  higher  and  the  energy  of  the 
depositing  atoms  and  neutrals  is  attenuated  by  increased  collisions  within  the  plasma,  leaving  the 
plasma  energy  below  the  lower  bound  of  the  energy  window.  Increasing  the  bias  in  these  cases 
makes  up  for  the  loss  in  energy  of  the  plasma  and  also  acts  as  a  healing  mechanism  by 
preferentially  resputtering  the  unstable  atoms  (ref  25). 

Further  evidence  of  the  presence  of  this  energy  window  is  shown  in  supplementary  work 
done  by  Catania  et  al.  (ref  22)  and  Roy  et  al.  (ref  23),  as  well  as  by  Ino  et  al.  (ref  24).  In  the 
latter,  it  was  shown  that  heavier  gases  require  more  energy  input  to  promote  a.  The  reason  for 
this  is  that  heavier  sputtering  gases  such  as  xenon  and  krypton  more  effectively  dissipate  energy 
from  depositing  tantalum  atoms  and  reflected  neutrals  during  collisions.  This  phenomenon  was 
observed  by  Matson  et  al.  (ref  26).  In  sputtering  with  xenon,  it  was  noted  that  a  greater  bias  was 
needed  to  produce  a-tantalum.  A  schematic  illustrating  this  phenomenon  is  given  in  Figure  2. 
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Figure  2.  Schematic  representation  of  the  effects  of  ion/target  mass  ratios  in  sputtering. 
CONCLUSIONS 

Although  the  mechanisms  of  P-tantalum  formation  are  fairly  well  understood  at  this  point 
in  time,  an  atomistic  model  quantifying  the  P->a  transition  in  sputtering  is,  to  the  author's 
knowledge,  currently  unavailable.  In  the  work  done  by  Roy  et  al.  (ref  23),  the  total  energy  of  the 
plasma  was  estimated  by  calculations  of  the  momentum  of  each  bombarding  species  and 
subsequently  summing  the  values  to  obtain  the  total  momentum  input  per  depositing  atom. 
Severd  different  sputtering  systems  were  compared  using  the  same  semi-empirical  method.  The 
results  are  listed  in  total  momentum  input  per  tantalum  atom,  and  a  regime  of  ~70  to  100 
(amu»eV)‘'^per  tantalum  atom  was  calculated  to  promote  a-tantalum.  Roy  et  al.  (ref  23)  go  on  to 
state,  "This  level  of  energetic  bombardment  is  not  generally  seen  in  high  pressure  (>15  mT) 
sputtering,  where  the  energy  of  sputtered  atoms  and  reflected  neutrals  is  attenuated  by  collisions 
with  background  gas,  helping  to  explain  why  pure  bcc  phase  is  difficult  to  synthesize  in  the  latter 
[high  pressure  sputtering]." 
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While  this  approach  to  determine  the  total  momentum  needed  to  promote  a-tantalum 
may  be  sufficient  for  the  specific  geometries  and  system  properties  dealt  with  in  this  research,  it 
does  not  take  into  account  crucial  parameters  that  would  undeniably  affect  the  total  energy 
requirement  (shifting  the  energy  window  or  making  it  wider/narrower).  Substrate  temperature, 
impurity  level,  lattice  parameter  ratio,  and  sputtering  rate  are  just  a  few  of  the  variables  that  may 
alter  the  total  energy  needed  to  deposit  a-tantalum.  In  addition,  target-to-substrate  distance  and 
sputtering  voltage  are  parameters  that  directly  control  total  atomic  energy  based  on  collision 
frequency  and  average  energy  and  must  also  be  taken  into  account.  Table  1  gives  a  summary  of 
the  cracial  parameters  and  their  proposed  effects  on  tantalum  phase  formation.  Since  each  of 
these  parameters  may  summarily  increase  or  decrease  the  total  plasma  energy  window  needed  to 

form  a-tantalum,  it  may  explain  the  often-contradictory  results  obtained  in  outwardly  similar 
studies. 


Table  1.  Summary  of  Crucial  Parameters  and 
Proposed  Effects  on  Tantalum  Phase  Formation 


Parameter _ Relation  to  Plasma  Energy _ Relation  to  B  formation 


1.  Substrate  Temperature 

2.  Substrate  Material 

3.  Impurity  Level 


4.  Sputtering  Rate 

5.  Sputtering  Gas 

6.  Compressive  Stress 

7.  Target/Substrate  Gap 

8.  Sputtering  Voltage 

9.  Sputtering  Pressure 

10.  Plasma  Energy 


Increasing  T  decreases  the  total  plasma 
energy  required  to  deposit  a-Ta 
Increasing  lattice  mismatch  increases  total 
plasma  energy  required  to  deposit  a-Ta 
Surface  impurities  tend  to  increase  total 
plasma  energy  required  to  deposit  a-Ta 


Increasing  atomic  weight  decreases  total 

plasma  energy  in  system 

Excessive  plasma  energies  tend  to  promote 

compressive  stresses 

Increasing  gap  distance  decreases  total 

plasma  energy  in  system 

The  sputtering  voltage  dictates  the 

maximum  (i.e.,  release  energy)  and  average 

energies  of  each  bombarding  species  (ref  27) 

The  sputtering  pressure  dictates  the  average 

arrival  energy  of  each  bombarding 

species 


Increasing  T  decreases  p-Ta  formation 

Increasing  lattice  mismatch  increases  P-Ta 
Formation 

While  surface  impurities  have  been  shown 
to  promote  p-Ta  formation,  work  with 
reactively  sputtered  Ta  has  shown  that 
interstitial  impurities  may  stabilize  the  a-Ta 
phase 

No  conclusive  studies  available  but  results 
observed  at  Benet  indicate  P-Ta  may 
preferentially  form  with  high  sputtering  rates 
Dependent  on  plasma  energy 

Compressive  stresses  are  favorable  towards 
P-Ta 

Dependent  on  plasma  energy 
Directly  related  to  plasma  energy 


Directly  related  to  plasma  energy 


At  both  deficient  and  excessive  plasma 
energy  levels,  P-Ta  may  form 
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Considering  the  importance  of  sputtered  tantalum  in  the  electronics  industry  and  possibly 
as  a  protective  coating  material  in  gun  tubes,  it  would  be  of  great  benefit  for  Benet  Laboratories 
to  focus  part  of  the  modeling  effort  on  an  atomistic  model  quantifying  the  transition. 
Ideally,  the  model  would  include  the  effects  of  all  the  aforementioned  sputtering  parameters. 

The  inclusion  of  these  parameters  would  ensure  a  robust  model  that  would  be  scalable  to  other 
dissimilar  systems.  If  this  approach  is  not  a  feasible  option,  at  the  very  least,  a  semi-empirical 
formula  similar  to  Roy  et  al.  (ref  23)  should  be  further  developed  to  increase  control  of  the 
sputtering  systems  here  at  Benet. 
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